INTRODUCTION
Investigations into the ecology of freshwater snails have shown that the population dynamics of these animals depend on the physical geography of a given region. Land contours, soil composition, hydrography, and climate all have a significant effect on snail population dynamics.
Further factors that effect the distribution and abundance (biogeography) of snails, and that will be addressed at a secondary level in this paper, include: the biotic and non-biotic environment, behavior, reproduction, genetics, interactions within and between species, and human influences. The relationship between the snail host and its parasites will not be discussed.
Although any physical, chemical, or biological factor can have a significant effect on population dynamics, a few factorsespecially those related to climate 1 Escola Nacional de Saúde Pública, Fundação Oswaldo Cruz. Rua Leopoldo Bulhões, 1480, Rio de Janeiro, RJ, 21041-210, Brasil. 2 Centro de Pesquisas Aggeu Magalhães da Fundação Oswaldo Cruz, Campus da Universidade Federaal de Pernambuco, Recife, PE, Brasil. (temperature and rainfall) -are of particular importance in the natural history of planorbid snails.
In this paper, we will not discuss large-scale factors relating to physical geography, but instead will focus in specific conditions that are critical in determining the population dynamics of Biomphalaria snails in those parts of Brazil where schistosomiasis is endemic.
Above all, this study is concerned with a subject that is essentially dynamic: after they have hatched, the snails grow, reproduce, migrate, develop escape mechanisms, interact with the physical and chemical environment, and compete with their own and other species, until eventually, after a continual struggle to secure or maintain the essential components of their ecological niche, they die.
The literature in this area, and in related areas (many of with will not be mentioned in this article), is extremely extensive, and includes a significant number of useful contributions from Brazil. In this article, therefore, we will not attempt to cover all the literature, much less offer a comprehensive review of the subject. Instead, our aim is to stimulate research by raising questions and suggesting possible lines of enquiry. Furthermore, we will restrict our analysis to the two most important snail vectors of schistosomiasis in Brazil, Biomphalaria glabrata and B. straminea. Nonetheless, the literature cited should sufficient for any reader interested in consulting the principal sources of information in this area.
The literature on the ecology of the snail vectors of mansonian schistosomiasis can be broadly subdivided into three categories, linked to three distinct historical periods: 1) basic ecological research, which started with the pioneering study by Lutz (1918) and picked up steam in Brazil from the 1950s onwards; 2) the relatively recent development of a number of understanding of snail population dynamics; and 3) the very recent development of an alternative methodology, in which snail populations are bred under semi-natural conditions.
BASIC ECOLOGICAL STUDIES
The planorbid vectors of schistosomiasis possess certain peculiarities that need to be mentioned at the outset. Being freshwater organisms, they inhabit limited physical spaces, but they continue to grow throughout their life span. They are found in a wide variety of habitats, and in particular in shallow, lentic, and lotic boodies of water with weak currents. In general they are highly, or at least relatively, resistant to desiccation. They live under a narrowly defined range of conditions, in terms of temperature, salinity, and pH (WHO, 1957) : the optimal temperature for their development is 20-26ºC, and they maintain themselves at a lower limit of 18ºC and an upper limit of 30-32ºC; B. glabrata is inhibited at sodium chloride concentrations of 6,000 p.p.m., and the optimal pH for development is in the range of 7.0-8.0 (WHO, 1957) . Barbosa (1956) demonstrated that, under laboratory conditions, a period of twelve hours at freezing-point was lethal for 100% of a sample of B. glabrata, but that they could survive for several days at +7ºC. The optimal temperature was 25-28ºC the snails began to move more slowly; and two hours at 42ºC was defined as the lethal point. High temperatures were shown to be more effective against snails immersed in water than against animals that had been estivating for 30 days: 1 hour at 45ºC killed 93% of the former, but only 5% of the latter. It is noteworthy that 68% of the snails kept in the laboratory for 112 days remained alive after being exposed to a temperature of 45ºC for 1 hour.
Planorbid snails are not found in all bodies of fresh water, not even in all those that might be considered capable of meeting their basic requirements. They occupy the second trophic level in the food chain, but are also capable of living saprophytically. They are hermaphrodite, albeit with a preferential tendency for heterofertilization.
These features give planorbids certain special characteristics, even though, in terms of population dynamics, they conform to the general pattern expected of freshwater animals.
It is also noteworthy that Biomphalaria snails do not maintain stable populations. Striking fluctuations occur, at times seasonally, at times on an ad hoc basis as a result of human activity, and at times for no reason that is as yet understood. Certain human activities -such as landfilling, diversion of watercourses, pollution, etc. -can have a catastrophic effect on population levels.
There are two climatic factors that can cause significant disturbances to the natural rhythms of snail population dynamics: temperature and rainfall. In irrigation systems, the frequency and timing of water delivery into the channels has a clear effect on snail populations.
In temperate regions and in tropical areas at high altitudes, winter temperatures fall to a level where snail reproduction is either reduced or interrupted (Dazo et al., 1966) . Extremely hot temperatures have the same effects, for example at the end of the summer, when bodies of water are low in volume and therefore susceptible to being heated to above 50ºC.
In tropical regions, the factor that has the greatest effect on freshwater snail population dynamics is rainfall. Some natural habitats dry out for a substantial part of the year, leading to the death of the major part of their planorbid populations, notwithstanding the ability of these animals to resist drought. However, the extremely high reproductive capacity of these animals ensures that these habitats are quickly repopulated (within no more than six weeks) once the rains have arrived.
In permanent habitats, fluctuations in the distribution, size, and density of planorbid populations occur without any apparent cause.
In Brazil's Northeast, high levels of rainfall occur during the winter along the seaboard and in the forested areas, leading to a substantial increase in the volume of snail habitats and causing floods that are sometimes sufficient to link widely separated habitats. Rivers turn into fast-flowing torrents, with the result that snails are dispersed and populations reduced. This phenomenon was extensively investigated in the 1950s (Olivier & Barbosa, 1955a , 1955b ) in Brazil's Northeast, where the wet and dry seasons are differentiated to a very high degree.
Although these pulmonare snails are aquatic, some species are known to be capable of surviving out of water for variable amounts of time. Studies of this phenomenon in Biomphalaria snails were first carried out by Barlow (1933) .
Mention should also be made of the lengthy and valuable report written by Brumpt a(1941) , in which the author recorded his observations on the biology of B. glabrata.
The following studies are also worth mentioning Coutinho et al. (1940) made various field observations in Pernambuco on the resistance of B. glabrata to desiccation. In Venezuela, Scott (1942) and Luttermoser (1946) carried out independent studies of the survival of this species in the field. The former observed that these snails could survive for eight months during the dry season prior to repopulating their habitat after the arrival of the first rains. The latter made similar observations, demonstrating that these snails could survive for two to three months on the ground in shaded areas.
The 1950s and early 1960s provided a rich crop of studies on the bioecology of planorbid snails. At least five monographs and one manual of malacology were published in this period: Rey (1956) , WHO (1957) , Malek (1958) , PerlowagoraAszumlewicza (1958) , Andrade (1959) , and Barbosa et al. (1960) . Olivier & Barbosa (1955a , 1955b carried out extensive studies on the bioecology and population dynamics of two snail vectors of mansonian schistosomiasis -Biomphalaria glabrata and B. straminea -in endemic areas in Brazil's Northeast. These areas exhibit striking seasonal fluctuations, depending on the level of rainfall: the rainy season (winter) lasts from March or April to July or August, while the dry season (summer) occurs during the rest of the year. As a result, many temporary habitats dry out during the summer, even though brief showers occur from time to time. In spite of these unfavorable circumstances, however, both B. glabrata and B. straminea survive in these temporary habitats under certain special conditions that allow a sufficient number of snails to survive for repopulation to occur once the rainy season returns. Other habitats are permanent, in other words they contain water throughout the year. Snail collections were quantified per man/minute (Olivier & Schneiderman, 1956) . Techniques used to estimate snail populations were evaluated by Hairston et al. (1958) . Olivier & Barbosa (1955a) observed that, in temporary habitats, the population dynamics of B, glabrata operate as follows: at the end of the dry season, a small number of snails are still alive on the ground, protected in some way by vegetation or the like. Under favorable conditions, they survive the dry season until the return of the rains, whereupon they reproduce rapidly and repopulate their temporary habitats. The population peaks 50-60 days after the first rains. The life span of the majority of snails is less than one year, and the maximum is 15-18 months. In permanent bodies of water, B. glabrata reproduces throughout the year. Fluctuations in reproductivity and in population densities have been observed, but no explanation for this phenomenon has been found. B. straminea is found in the Northeast of Brazil, living in similar conditions (Olivier & Barbosa, 1955b) . Its life span is also short: a maximum of 15-18 months. The snail survives the long dry season in temporary habitats in a similar way to B. glabrata. The above-mentioned authors reported some evidence suggesting that B. straminea. This hypothesis was confirmed in the laboratory by Barbosa et al. (1985) . In permanent bodies of water, B. straminea reproduces throughout the year, and exhibits some variability in its reproductive capacity.
In some areas, water temperatures are compatible with snail reproduction only for a short period, with the result that only a single generation is produced each year. In permanent bodies of water, reproduction occurs throughout the year (Olivier & Barbosa, 1955a , 1955b .
The Biomphalaria snail vectors of schistosomiasis live in shallow water at the edges of their habitats, at a maximum depth of some 1.52 meters. This is their natural environment, which provides the food that these snails need (green algae, decaying organic matter) and is characterized by high levels of light and the presence of aquatic plants.
However, experiments with Bulinus truncates and Biomphalaria glabrata have demonstrated that these species can survive for long periods at a depth of ten meters (WHO, 1957; Jurberg et al., 1987) .
There is still some uncertainly surrounding the question as to how Brazilian Biomphalaria snail spend the period of estivation. Barbosa & Dobbin (1952) suggested that they can live through this period in mud, and there is certainly no doubt that, under adverse conditions, these snails -B. straminea in particular -seek out lower temperatures by moving towards and attempting to penetrate the bottom of their habitats while the mud is still soft. This phenomenon has been observed repeatedly, both in the field and in the laboratory (Barbosa, 1956; Pieri et al., 1980) . In Minas Gerais, Veloso (1953) observed that B. glabrata lays its eggs in the mud on the roots of aquatic plants. Similar observations were made in Pernambuco by Barbosa (1956) , who detected B. straminea eggs on the roots of Alternanthera philoscroides at a depth of 5cm in the mud of a stream.
Its is known that the eggs have a very low resistance to dessication, but that eggs as well as snails are found on the roots of plants. It appears that the roots of plants offer one of the most favorable locations for the survival of planorbids during the dry season (Barbosa & Olivier, 1958) .
There are also other types of locations in which the snails can survive out of water. Any location in which the snail is protected from direct sunlight and predatory animals (birds and rats, mainly) -for example any type of vegetation, or a variety of items made available by human activity (tiles, bricks, tree trunks, pieces of wood, etc.) -may give sufficient protection during the dry season. Locations of this type were observed and described in field studies carried out in the State of Pernambuco (Olivier & Barbosa, 1955a , 1955b Barbosa, 1956 Barbosa, , 1962 Barbosa & Olivier, 1958) .
Both B. glabrata and B. straminea have been found buried in mud at certain depths. The possibility cannot be ruled out that these findings were coincidental and nonsignificant. However, the buried snails were always found in small numbers and at a depth that never exceeded 10cm (Barbosa, 1956) . Paraense (1955) explained the recolonization by B. glabrata of habitats treated with molluscides, in Minas Gerais, by noting that living snails had been found buried in mud at a depth of 40cm.
Extensive observations by Olivier & Barbosa (1955a , 1955b indicate that the snails do not necessarily enter the ground in order to escape the effects of the appear to be bioecological in the sense of being part of the life cycle of planorbid snails. These mollusks cannot be considered natural diggers on a par with other animals that are physically equipped to bury themselves as a means of escape or protection.
Planorbid snails can also be buried passively by the hooves of heavy animals, such as cattle and horses, or trapped in cracks in the ground. A number of laboratory Barbosa, F. S. & Barbosa, C. S. studies have elucidated some of the conditions that characterize snail estivation. Olivier & Barbosa (1954) demonstrated that when B. glabrata is submitted to different relative levels of humidity, weight loss and death depend on the degree of humidity within the container. This suggests that the snails need high levels of humidity to survive.
The resistant of these snails to desiccation varies within and between species. Barbosa & Olivier (1958) observed that B. glabrata from Salvador capacity to survive out of water than snails of the same species from Paulista, Pernambuco. Snails (B. glabrata) from three different locations in Salvador and one in Paulista were kept out of water in clay pots, at a relative humidity of 90-96%. This experiment cleary demonstrated that the snails from Pernambuco were more resistant. Interestingly, the Bahian snails came from permanent habitats, while the animals from Pernambuco were taken from areas that were taken from areas that were subject to seasonal desiccation. There is evidence to suggest that resistance to drought may represent a genetic pre-adaptation to environmental conditions. Paraense (1957) described the presence of a set of six lamellae in the opening of the shell of B. glabrata. The presence of lamellae were found to be associated with a tendency to leave the water. These observations have since been confirmed by a number of authors, suggesting that the phenomenon may be linked to a survival mechanism enabling the snails to endure adverse environmental conditions. For references, see Barbosa (1989) .
Field studies on the population dynamics of Biomphalaria snails have demonstrated the instability of snails populations, over and above the variations associated with seasonal, climatic, and ecological factors, as mentioned above. Obviously, the snail populations stop growing during estivation, and this phenomenon forms part of the planorbid life cycle in certain regions. In snails exhibiting immature infection, the sporocysts of S. mansoni also display reduced activity during the dry phase .
A recent monograph, with an extensive bibliography (Pieri, 1985) , describes various aspects of the bioecology of B. glabrata in the Northeast of Brazil.
QUANTITATIVE MODELS
The life cycle of these snails has been studies quantitatively. Notwithstanding the variable conditions under which these studies have been carried out, our knowledge of snail population dynamics has progressed significantly as a result of some very valuable investigations. However, it is difficult to compare these studies, due to the fact that they were carried out under a variety of conditions.
The principal characteristics of a population of planorbid snails are: density, reproduction mortally, dispersion, and biotic potential. Of these characteristics, rate of reproduction and age-related mortality are used to construct life tables.
In the case of these snails, the first step is to determine the age of the animals. This can be done indirectly using selected standards, or -following a more recent method -by carrying out laboratory tests to establish the relationship between age and maximum diameter (Barbosa et al., 1992) .
In general, age has been estimated from the relationship between the number of spirals and the maximum diameter of the snails. This method has been used by various authors, including Scott (1940) and Barbosa & Muench (1951) . Silva (1951) , on the other hand, preferred to use the radius of the snails in his measurements. The majority of authors have used the maximum diameter of the shell (Barbosa et al., 1992) It is known that, in the laboratory, the growth of individual snails occurs, linearly and continuously, in two phases, until death. The beginning of the second phase (in which growth is slower) concides with sexual maturity (Figure 1 ). The slope of the growth curve corresponds to the growth displayed by the population as a whole, i.e., the mean rate of growth per individual snail in a given time (Barbosa & Silva, 1951) . According to Silva (1951) .
The maximum level of growth in a population represents its growth potential and is known as "the intrinsic rate of natural increase", represented by the letter r. A stable population results from a balance between the limits imposed by the environment and the inherent growth potential of the population.
In populations in the stationary phase of growth in a non-limited environment, r can be calculated using the following equation: in which N = number of snail, and dN = numerical changes occurring in a given time dt.
The exponential rate of growth can also be termed "the innate capacity for growth", i.e., the maximum biological capacity for reproduction and growth in a population.
To obtain age-related rates of reproduction it is necessary to measure the maximum diameter of the snails. These measurement techniques are difficult to execute, and are subject to the human error of the observer, as well as to inaccuracies associated with the techniques themselves. It is well known, for example, that handling new-born and young snails is problematical. All of this adds to the difficulty in comparing results obtained by different researchers.
When age-related mortality rates are obtained directly by searching for dead snails (shells), the same problems arise as described above. Dead snails that are relatively small in diameter will often escape the eye of the observer, and they frequently disintegrate in the period between two sample collections. However, the number of adult snails in each age group, in a given collection, is taken as the reference for subsequent collections. Using the data obtained on rates of growth, an estimate can be made of the losses that have occurred in the period between the first and succeeding collection. The following exponential equation is used to calculate the daily mortality rate: lx = e xd , in which lx is the proportion of snails surviving to age x, x = the number of days between two collections, and d = the daily mortality rate.
Life tables can be constructed from these data, and computer programs can be used to facilitate quantitative representation of these calculations (see Ricklefs, 1984 , or other manuals on animal demography).
Models for the study of planorbid population dynamics have been described by various authors (Webbe, 1965: Dazo et al., r = dN dtN Barbosa, F. S. & Barbosa, C. S. 1966; Jobin & Milchelson, 1967; Jordan & Webbe, 1969; Thomas & Banjamin, 1974; Sturrock &Sturrock, 1970; Sturrock, 1973; Loureau & Baluku, 1987; Woolhouse, 1989) .
ALTERNATIVE MODEL
An alternative methodology for breeding, Biomphalaria snails has been developed, using artificial channels four meters in length, a controlled environment and continually renewed water from a natural source (Barbosa et al., 1983 (Barbosa et al., , 1992 . This method has made it possible to study the population dynamics of these snails, and offers obvious advantages when compared to traditional laboratory methods.
Populations that are expanding contain a relatively high number of young animals. Conversely, a high level of older animals indicates that a population is dying out. Figure 2 shows how this phenomenon occurs in a seminatural environment, in an open system with continual water renewal (Barbosa et al., 1992) . These conditions allow a population to reach the stationary level r in a period of 60-80 weeks. When a population reaches this upper growth limit, also known as "saturation level" or "carrying capacity", it begins to exhibit periodic fluctuations, either up or down. These fluctuations are due to two types of factors: intrinsic and extrinsic. The latter are those that are associated with environmental variations arising from climate or other ecological conditions. Figure 2 shows a population of B. glabrata in which growth is limited by intrinsic factors alone, since extrinsic factors have been eliminated by the nature of the experimental method used. In this instance, the fluctuations are due to the biotic potential of each population as it interacts within is own species. This characteristic is constant in any given population, suggesting that genetic variations may determine the demographic characteristics of these snails (Loureau & Baluku, 1987) .
The three populations studied by Barbosa et al. (1992) , exhibited a "snail crude density" that was significantly different in each population: the two strains of B. straminea displayed clear advantages over B. glabrata when bred under identical conditions, especially the R3 strain, which has been used in investigations on snail biological competition in the Northeast of Brazil (Barbosa et al., 1993) . Conditions. According to Barbosa et al., (1992) 
